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ABSTRACT 
The tes t  p rogram to  date has  shown that the zinc-oxygen sys t em 
is rechargeable  with good voltage regulation over a range of cycle reg imes  
including two-hour discharge/two-hour charge,  two-hour discharge/ six 
hour charge,  and twenty-four hour discharge/twenty-four hour charge,  
In the two-hour discharge/two hour charge cycle, over 50 cycles have 
been obtained above 1. 0 volt terminal  discharge voltage a t  a zinc depth 
'of 14 percent  with 10 ampere-hour  cells. Deeper zinc discharge depth 
to 2 8  percent  of theoretical  has  been demonstrated with the twenty-four 
hour  discharge/twenty-four hour charge cycle. 
Use of a membrane type C-3 separa tor  produced by Borden 
Chemical Company under contract  for NASA was a factor in achieving the 
aforementioned cycle life on the two-hour discharge/two-hour charge 
regime,  even though the cell  was cycled with abusive overcharge and only 
a single layer  of C-3 separa tor  was used, 
cel l  so a s  to seal  the zinc electrode behind the C-3 film separator ,  in a 
chamber  inaccessible to  oxygen bubbles, effectively prevents oxygen f r o m  
A re-design of the unit t es t  
chemically shorting" the cell. The cel ls  a r e  operated in a "flooded II 
condition" with a nickel charging electrode being used to prevent oxidation 
of carbon catalyst  in, the ''fixed-zone'' oxygen electrode, The u s e  of more  
than one layer  of C-3 separa tor  in conjunction with the mechanical cushion 
non-woven separa tor  on either side of the C-3 is  expected to  lead t o  cell  
cycle  life severa l  t imes  beyond that obtained to  date. 
While the major  effort  directed toward sys tem optimization is being 
conducted at room tempera ture  (25°C) cycling performance evaluations at 
both 0°C and 40°C have been initiated and will be continued. 
the cella have undergone 4 two-hour discharge/two-hour charge cycles at 
O"C, and 9 cycles  at 40°C at a discharge depth of 14 percent. 
As of this time 
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I INTRO DU C TION 
I 
I Work conducted to date has  demonstrated the feasibility of recharging 
the zinc-oxygen battery system. 
Union Carbide 's  background experience in fuel cel ls ,  Air Cells,  and recharge- 
able bat tery sys tem technology. 
The technical approach used was based upon 
The testing of unit cel ls  has proved that cycle regimes of 2 hours 
discharge/  2 hours  charge,  2 hours discharge/6 hours charge,  24 hours  
discharge/24 hours charge a r e  practical  with good discharge voltage regula- 
tion. In the case  of the 2 hour discharge/2 hour charge,  over 50 cycles have 
been obtained above the 1. OV terminal  discharge voltage at a zinc depth of 
14 percent  of the theoretical  10 ampere  hours (12. 1 g rams  of zinc). 
discharge depths to 28 percent of the theoretical zinc capacity have been 
attained on 24 hour discharge/24 hour charge tes t  regime. 
Deeper 
I 
I 
A major  contributor toward achieving the aforementioned cycle life 
was the u s e  of a membrane type C-3 separator  produced by Borden Chemical 
Company under contract  for  NASA. 
zincate in the neighborhood of the zinc electrode so that zinc treeing is minimized. 
Even g rea t e r  improvements in cycle l ife a r e  expected through the use  of multiple 
l aye r s  of this  separator .  
This separa tor  effectively isolates  soluble 
DISCUSSION 
A. Experimental  Unit Cell Construction 
The construction of the experimental unit cel l  used to investigate the 
A detailed description of cel l  zinc oxygen sys tem is that shown in Figure 1. 
components is given in Table I. 
within a cae t  "Lucite" f r ame  (L) patterned af ter  the cel l  assembly techniques 
that have been developed over a period of yeare  in the company 's fuel cel l  work. 
An oxygen gas  inlet and outlet are provided shown as (J) and (K). 
communicate t o  the region of the porous nickel back side of the oxygen electrode 
interface between (H) and (G). 
The cell is built by enclosing the oxygen cathode 
These por t s  
A polypropylene sc reen  separa tor  (F) is used to 
- 2 -  
I 
I 
I 
i 
I 
I 
I 
I 
i 
I 
separa te  the catalyzed sur face  of the oxygen cathode f r o m  the nickel s c reen  
charging electrode (E). 
other  side of the charging electrode f r o m  the separa tor  (C) of the zinc electrode, 
This  s epa ra to r  is a membrane film (C-3) produced by the Borden Chemical 
Company under  contract  fof NASA (1 ,2 ) ,  
the ce l l  is enclosed in  a basket of expanded s i lver  metal  that i e  spot welded to  
a s i lve r  shee t  collector (A). The C-3 film separa tor  is sealed to the "Lucite" 
frame in  such a manner that the chamber holding the zinc electrode is inacces- 
s ible  to oxygen bubbles that are fo rmed  at the charging electrode during cel l  
charge.  in this manner  "chemical shorting" is effectively prevented. 
cells a r e  operated in  flooded condition during both discharge and charge, 
tion of carbon catalyzed layer  on the Hurface of the oxygen cathode is prevented 
during charging through the use  of the nickel s c reen  charging electrode. 
A s imi la r  polypropylene sc reen  (D)  separa tes  the 
The zinc electrode (B) which completes 
The teet  
Oxida- 
TABLE I 
COMPONENTS OF EXPERIMENTAL UNIT CELL 
Dimensions Weight (8)  
~ ~~~ 
"Fixed- Zone" Oxygen Electrode(") 3" x 3" x 0. 022" 10. 0 
Polypropylene Screen (b)  3" x 3" x 0. 030" 1. 5 
Expanded Nickel Metal ('1 
Charging Electrode 3" x 3" x 0. 020" 2. 6 
Polypropylene Screen (b) 
C-3 Membrane Separator  (dry)  (4 
Zinc Elec t rode  (4 3" x 3" x 0. 100" 12.2 
3" x 3" x 0. 030" 
3" x 3" x 0, 0015" 
1. 5 
0. 3 
Electrolyte  (4470 KOH + 2% ZnO dissolved therein)  25. 0 
Oxygen Source(e) oxygen cylinder 
(a)UCC Type 2 electrode 
( b ) ~  ampo r t 
(' 'Exmet 
(d)Borden 
(e 'Linde - 
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FIGURE 1 
RECHARGEABLE UNIT CELL 
CUTAWAY AND CROSS SECTION VIEWS OF EXPERIMENTAL ZINC-OXYGEN 
H E  A 
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Cutaway View 
G' F 
C r o s s  Section 
Silver sheet anode collector 
Zinc anode restrained m a s i lver  sc reen  envelope 
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Polypropylene sc r een 
" Fixed-Z onel' oxygen elect  rode 
Nickel sc reen  cathode collector 
Gas inlet 
Gas Outlet 
Lucite" backing plates I 1  
C-3308 
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B. Description of Electrodes 
1. Oxygen Electrode 
The oxygen electrode employed is the thin "fixed-zone" type that 
is based upon the use  of an active carbon layer  on one side of a thin but strong 
porous metal  backing. This electrode was developed by Union Carbide over a 
period of t ime a s  an electrode combining high-rate capability with low cost  
(3-5). 
electrode,  the carbon is oxidized to f o r m  soluble quinone type compounds, it 
then lo ses  its hydrophobic character is t ics  and the electrode becomes suscep- 
tible to flooding. A feature  in the present cell  i s  the use  of a separa te  nickel 
charging electrode which i s  in  the circuit  during charging in the place of the 
oxygen electrode and upon which the oxygen is evolved. 
tion of the carbon catalyzed layer  on the oxygen cathode is avoided during 
charging. 
oxygen fuel cell  electrode and a separate 
When oxygen i s  evolved electrochemically f r o m  a carbon-metal  duplex 
In this manner oxida- 
Thus the reversible  oxygen electrode is t ruly the combination of 
nickel sc reen  charging electrode. 
Work to  date has  shown that the use of a separate  nickel sc reen  
charging electrode which i s  used exclusively for  oxygen evolution in the 
charging mode prevents the degradation of the oxygen cathode and renders  the 
rechargeable  zinc-oxygen system feasible. 
In pract ice  the nickel screen is placed between the zinc anode and 
the oxygen cathode and is separated f rom each by a polypropylene separator.  
During charge,  the oxygen cathode is removed f r o m  the circui t  and oxygen is 
evolved only f r o m  the nickel sc reen  charging electrode, while oxidized zinc 
is being reduced at the zinc electrode. 
is connected to the circui t  with the zinc anode in normal  fashion and the 
charging electrode is removed f r o m  the circuit .  
During discharge the oxygen cathode 
2. Rechargeable Zinc Electrodes 
The zinc electrode, as previously developed at Union Carbide, is 
made by folding an expanded s i lver  sheet in envelope fashion so a28 to enclose 
the active zinc material .  This unit i s  next p re s sed  and spot-welded to a si lver  
- 5 -  
backing sheet. Finally it is sealed into the plastic cell  f r ame  in such a way 
that the active zinc is protected by a C-3 membrane separator  f r o m  oxygen 
evolved at the charging electrode. 
C. Description of Membrane Separator 
Use of a membrane type (C-3) separator  produced by Borden 
Even when only a single layer  of C-3 separa tor*  
Chemical Company under contract  for  NASA has  contributed substantially 
to improved cycle life. 
f i lm was used,  50 cycles of 2 hour discharge/2 hour charge were obtained 
above a te rmina l  discharge voltage of i. 0 voits. 
obtained although an abusive 50 percent overcharge was used in the cycling 
regime and cell  operation was essentially unattended. The use  of multiple 
l aye r s  of C-3 separa tors  in conjunction with a protective non-woven cushion 
separa tor  on ei ther  side of C-3 i s  expected to substantially extend cycle life 
beyond 50 cycles. 
This performance was  
The C-3 Borden film is reported to  be a composition of 30 percent  
poly(viny1 methyl e ther /maleic  anhydride) in a methyl cellulose base. 
a separa tor  has  a closely controlled pore s ize  which helps prevent the growth 
of zinc dendrites through the separator. 
be par t icular ly  res i s tan t  to oxidation, an important advantage in a zinc-oxygen 
rechargeable  cell. 
the catholyte thereby improving the cycle life of the cell. 
thus kept in the anolyte in the vicinity of the zinc electrode, so that  conditions 
for forming of zinc trees through the Separator a r e  minimized. This film 
type separa tor  of controlled pore  s ize  fur ther  minimizes the possibility of 
oxygen bubbler formed during charging f r o m  reaching the zinc electrode and 
thereby "chemically shorting'' the cell. 
Such 
This separator  i s  fur ther  stated to 
The C-3 membrane effectively separa tes  the anolyte f r o m  
Soluble zincate is 
D. Rechargeable Uni t  Cell Performance 
1. Performance at 25°C 
Uni t  cell performance is being evaluated on both the 2 hour discharge/  
* 
electrolyte wet  thickness = 0. 0023" 
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2 hour charge and the 24 hour discharge/24 hour charge cycle modes. 
2 hour discharge/2 hour charge cycles have been obtained above a te rmina l  
discharge voltage of 1. 0 volt at 14 percent zinc depth based upon the theoreti-  
cal  ampere-hour  equivalents of actual weight of zinc used. This performance 
was obtained under abusive conditions of 50 percent overcharge while the cel l  
operated unattended with only a single layer  of C-3 separator.  
improvement to severa l  hundred cycles is  anticipated when multiple l aye r s  of 
C-3 separa tor  a r e  used in conjunction with a balanced charge-discharge cycle 
mode. 
Fifty 
Cycle life 
F igu re  2 presents  the digcharge ccrveg =Stained over the first 50 abuse 
cycles during the operation of this cell. 
for  these 50 cycles. 
Table I1 summar izes  cell  performance 
F igu re  3 is a graph of the cell  voltage at  the end of each 2 hour discharge 
over the same 50 cycle period. 
F igu res  4 through 9 present  the lst, loth, 20th, 30th, 40th, and 50th 
two hour discharge on a la rge  scale. 
The unit cell  operation at  25°C on the 24 hour discharge/24 hour charge 
cycle mode is presented in F igu res  10 through 12, respectively,  for  the lst, 
8th, and 14th twenty-four hour discharge. 
F igu res  13 and 14 show the charge curves  as well a s  the discharge curves  
for  cel ls  operating at  25°C at each of the 2 hour djscharge/2 hour charge and 
24 hour discharge/24 hour charge regimes. 
e lectrode)  t o  Zn potentials a r e  plotted. 
Both 0, to Zn as well a s  Ni (charging 
2. Performance  at 0°C 
Cell performance at 0°C on the 2 hour discharge/2 hour charge cycle 
has  been initiated. 
in F igu res  15 and 16. 
Discharge curves  for the 1st and 4th cycles  a r e  presented  
3. Per formance  at 40°C 
Unit cell  performance at 40°C has been conducted on the 2 hour discharge/  
2 hour charge cycle through 9 cycles thus far. 
the lst, 5th and 9th cycles a r e  presented in F igure  17 through 19. 
The discharge curves  obtained on 
- 7 -  
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TABLE II 
PERFORMANCE ANALYSIS OF RECHARGEABLE ZINC-OXYGEN UNIT CELL 
2 Hour Discharge - 2 Hour Charge (P lus  50% overcharge) 
25°C 
Avg. Apparent 
Discharge Avg. Voltage Ave. Current  Curren t  Density Amp-Hrs 
Number (Volts) (amperes ) ma/cm2 De 1 ive r e d 
~~~ 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
1. 21 
1. 23 
1. 22 
1. 20 
1. 18 
1. 17 
1. 18 
1. 18 
1. 17 
1. 16 
1. 15 
1. 14 
1. 16 
1. 15 
1. 14 
1. 15 
1. 16 
1. 14 
1. 14 
1. 14 
1. 15 
1. 14 
1. 12 
1. 14 
1. 15 
0. 69 
0. 70 
0. 70 
0. 69 
0. 67 
0. 67 
0. 67 
0. 67 
0. 67 
0. 66 
0. 66 
0. 65 
0. 66 
0. 66 
0. 65 
0. 66 
0. 66 
0. 65 
0. 65 
0. 65 
0. 66 
0. 65 
0. 64 
0. 65 
0. 66 
11. 9 
12.0 
12.0 
11. 8 
11. 5 
11.5 
11. 5 
11.5 
11. 5 
11.4 
11.4 
11.2 
11.4 
11.4 
11.2 
11.4 
11.4 
11.2 
11.2 
11.2 
11.4 
11.2 
11.0 
11.2 
11. 4 
1. 38 
1. 40 
1. 40 
1. 38 
1. 34 
1. 34 
1. 34 
1. 34 
1. 34 
1. 32 
1. 32 
1. 30 
1. 32 
1. 32 
1. 30 
1. 32 
1. 32 
1. 30 
1. 30 
1. 30 
1. 32 
1. 30 
1.28 
1. 30 
1. 32 
Continued 
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TABLE 11-- Concluded 
Avg. Apparent 
Discharge Avg. Voltage Avg. Current Current Density Amp-Hrs 
Number (Volts) (amper e s ) ma/cm2 De liv e r e d 
26 
27 
28 
> a  
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
- /  
1. 13 
1. 13 
1. 13 
1. 14 
1. 14 
1. 12 
1. 12 
1. 12 
1. 12 
1. 12 
1. 12 
1. 14 
1. 12 
1. 1 1  
1. 09 
1. 10 
1. 08 
1. 10 
1. 03 
1. 06 
1. 07 
1. 05 
1. 04 
1. 03 
1. 02 
0. 65 
0. 65 
0. 65 
0. 65 
0. 65 
0. 64 
0. 64 
0. 64 
0. 64 
0. 64 
0. 64 
0. 65 
0. 64 
0. 63 
0. 62 
0. 63 
0. 61 
0. 63 
0. 59 
0. 61 
0. 61 
0. 60 
0. 59 
0. 59 
0. 58 
11.2 
11.2 
11.2 
11.2 
11.2 
11.0 
11.0 
11. 0 
11.0 
11.0 
11.0 
11.2 
11. 0 
10.8 
10. 7 
10. 8 
10. 5 
10. 8 
10.2 
10. 5 
10. 5 
10.3 
10.2 
10.2 
10. 0 
1. 30 
1. 30 
1. 30 
1. 30 
1. 30 
1. 28 
1. 28 
1. 28 
1. 28 
1. 28 
1. 28 
1. 30 
1. 28 
1. 26 
1. 24 
1. 26 
1. 22 
1.26 
1. 18 
1. 22 
1.22 
1.20 
1. 18 
1. 18 
1. 16 
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4. Comparison of 0" ,  25', and 40°C Performance 
Comparison of unit cell performance on 2 hour discharge/2 hour charge 
cycle for  the f i r s t  four  cycles a t  the three tempera tures  tested,  0", 25", and 
40°C a r e  shown in F igures  20  through 2 3 .  Examination of these f igures  reveals  
, that discharge occurs at a higher voltage level a t  the higher temperature .  
, NEW TECHNOLOGY 
There  a r e  no new technological advances falling within the scope of 
this cont rac t  to be reported at  this time. 
PROGRAM FOR NEXT REPORTING INTERVAL 
Effor ts  wil l  be concentrated on extending the cycle life of the present  
I 
zinc-oxygen cell. 
u se  of multiple l aye r s  of Borden film type separa tor  (C-3) will  be explored. 
The u s e  of a mechanical cushioning non-woven separa tor  on ei ther  side of the 
C-3 films will  be examined in an effort to protect the C-3 separa tor  f r o m  
mechanical puncture e i ther  f r o m  the zinc side o r  f rom the charging electrode 
side, 
substantially extending the present  50 cycles obtained on the 2 hour discharge/ 
2 hour charge  regime. Tes t  cell evaluations of the improved cel ls  constructed 
in accordance with the above will be evaluated over the 0" to 40°C tempera ture  
range of in te res t  to NASA. 
Fur the r  modification of the unit t e s t  cel l  together with the 
Such improved cel ls  a r e  expected to provide even g rea t e r  cycle l ife,  
I Cell  t es t s  wil l  be conducted at 0". 25", and 40°C on both the 2 hour 
discharge/2 hour charge and 24 hour discharge/24 hour charge test regimes.  
The overal l  anticipated effort for  the next reporting period wil l  be concerned 
with further unit cel l  optimization. 
ing cel l  cycle life, (b) optimizing cel l  design and minimizing required cel l  
components f r o m  a weight and volume standpoint, and (c )  increasing the depth 
of cel l  diecharge. 
CONCLUSIONS AND RECOMMENDATIONS 
This will include emphasis upon (a) increae-  
Work conducted during the present quar te r  has  shown that the develop- 
I 
ment of a rechargeable zinc-oxygen system operating with good voltage regulation 
for  at l ea s t  50 cycles is possible. The best  resu l t s  were  obtained with a f i lm type 
- 12 - 
separa tor  (C-3) made by the Borden Chemical Company under contract  fo r  NASA. 
This  cycle l i fe  was obtained on a 2 hour discharge/2 hour charge regime a t  25°C 
in a cel l  containing only a single layer  of C-3 separa tor  and which was operated 
at a 50 percent  abusive overcharge. It is recommended that the use  of multiple 
l aye r s  of C-3 separator  in cel ls  operating with a balanced charge-discharge 
t e s t  be explored. 
resu l t  f r o m  such changes. 
at the th ree  temperatures  of O", 25", and 40°C on both the 2 hour discharge/2 hour 
charge and 24 hour discharge/24 hour charge tes t  regimes in order  to more  com- 
pletely bracket  the temperature  range and tes t  regimes of in te res t  to NASA. 
It is reasonable to expect fur ther  extensions of cycle life may 
It i s  recommended that such improved cel ls  be cycled 
Cell discharge conducted during the present  quarter  was taken to  the 
14 percent  zinc depth based on the theoretical equivalent of the actual weight of 
zinc used in  the case  of the 2 hour discharge/2 hour charge regime, and to  the 
28 percent zinc depth in the case  of the 24 hour discharge/24 hour charge regime. 
It is recommended deeper discharges up to the 50 percent depth be investigated 
during the next quarter.  
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FIGURE 4 
1ST DISCHARGE OF RECHARGEABLE Zn-0, UNIT CELL 
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FIGURE 5 
lOTH DISCHARGE OF RECHARGEABLE Zn-0, UNIT CELL 
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1. 8 
FIGURE 6 
20TH DISCHARGE OF RECHARGEABLE Zn-02 UNIT CELL 
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FIGURE 7 
30TH DISCHARGE OF RECHARGEABLE Zn-0,  UNIT CELL 
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FIGURE 8 
40TH DISCHARGE OF RECHARGEABLE Zn-0 ,  UNIT CELL 
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FIGURE 9 
50TH DISCHARGE OF RECHARGEABLE Zn-02 UNIT CELL 
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FIGURE 1 1  
8TH DISCHARGE OF RECHARGEABLE Zn-OZ UNIT CELL 
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FIGURE 12 
14TH DISCHARGE OF RECHARGEABLE Z n - 0 2  UNIT CELL 
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FIGURE 17 
1ST DISCHARGE OF RECHARGEABLE Zn-02  UNIT CELL 
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FIGURE. 18 
5TH DISCHARGE OF RECHARGEABLE Zn-02 UNIT CELL 
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FIGURE 19 
9TH DISCHARGE OF RECHARGEABLE Zn-02 UNIT CELL 
0 
2 Hr Discharge - 2 Hr Charge 
40 "C 
= 12.1 ma/cm2 
aPP* C .  D. 
I' I I 
1 
t 
- 1 
HOURS 
2 
C-3329 
- 2 9  - 
FIGURE 20 
COMPARISON O F  UNIT CELL P E R F O R M A N C E  AT O", 25", and 4 0 ° C  
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FIGURE 2 1  
COMPARISON O F  UNIT CELL P E R F O R M A N C E  AT O", 2 5  O ,  and 40" C 
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FIGURE 22 
COMPARISON OF UNIT CELL PERFORMANCE AT 0", 25", and 40°C 
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Pasadena, California 91 105 
Attn: Dr. S. Naiditch 
Union Carbide Corporation 
Development Laboratory Library  
P. 0. Box 6056 
Cleveland, Ohio 44 10 1 
E le c t r o m i  t e C o r  po r ati on 
Attn: R. H. Sparks 
General Manager 
562 Meyer Lane 
Redondo Beach, California 90278 
Union Carbide Corporation 
Consumer Products Division 
P. 0. Box 6116 
Cleveland, Ohio 44 10 1 
Attn: Dr. Robert Powers 
University of Pennsylvania 
El e c troche mi s t r y L ab o r at o r  y 
Philadelphia, Pennsylvania 19 104 
Attn: Prof.  John O'M. Bockris 
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W e  stinghouse Electr ic  Corporation 
Research and Development Center 
C hurc hill Borough 
Pittsburgh, Pennsylvania 152 3 5 
Whittaker Corporation 
3850 Olive Street 
Denver, Colorado 80237 
Attn: J. W. Reiter 
Whittaker Corporation 
Narmco R & D Division 
3540 Aero Court 
San Diego, California 92123 
Attn: Dr. M, Shaw 
Yardney Electr ic  Corporation 
40 Leonard Street  
New York, New York 10013 
Attn: Dr. Geo. Dalin 
